Background-The molecular pathophysiology of coronary artery disease (CAD) includes cytokine release and a localized inflammatory response within the vessel wall. The extent to which CAD and its severity is reflected by gene expression in circulating cells is unknown. Methods and Results-From an initial coronary catheterization cohort we identified 41 patients, comprising 27 cases with angiographically significant CAD and 14 controls without coronary stenosis. Whole-genome microarray analysis performed on peripheral-blood mononuclear cells yielded 526 genes with Ͼ1.3-fold differential expression (PϽ0.05) between cases and controls. Real-time polymerase chain reaction on 106 genes (the 50 most significant microarray genes and 56 additional literature genes) in an independent subset of 95 patients (63 cases, 32 controls) from the same cohort yielded 14 genes (PϽ0.05) that independently discriminated CAD state in a multivariable analysis that included clinical and demographic factors. From an independent second catheterization cohort, 215 patients were selected for real-time polymerase chain reaction-based replication. A case:control subset of 107 patients (86 cases, 21 controls) replicated 11 of the 14 multivariably significant genes from the first cohort. An analysis of the 14 genes in the entire set of 215 patients demonstrated that gene expression was proportional to maximal coronary artery stenosis (PϽ0.001 by ANOVA).
C oronary artery disease (CAD) and sequelae of atherosclerotic disease such as stroke and myocardial infarction are the largest source of morbidity and mortality in the developed world. The risk of developing CAD events over time can be estimated with clinical factors and family history, as in the Framingham Risk Score. 1 For patients with suspicious clinical histories, extant coronary disease may be diagnosed by indirect methods, including nuclear perfusion imaging and computed tomography angiography, but coronary angiography remains the "gold standard." These tests have drawbacks, including radiation exposure, contrast agent allergy, nephrotoxicity, and, in the case of coronary angiography, invasiveness of the procedure. Therefore, the development of a blood test that reliably identified patients with CAD would have diagnostic utility.
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The cellular and molecular basis of atherosclerotic plaque development has a systemic inflammatory component involv-ing primarily monocytes/macrophages and CD4 ϩ T cells. 2, 3 Oxidized lipids initiate the process with subsequent responses by endothelial, vascular smooth muscle cells, and circulating cells. Peripheral-blood studies have identified gene expression signatures that are correlated with the presence of systemic inflammatory and immune-mediated disorders, as well as cardiovascular diseases, 4 suggesting that such an approach might be useful for CAD. However, although investigators have identified profiles for atherosclerosis directly from arterial wall samples in murine models and human atheroma samples, [5] [6] [7] [8] [9] it is unclear whether such localized processes are detectable or their severity reflected in the peripheral circulation. As a first step, we sought to identify genes for which expression levels distinguished patients with and without significant coronary artery stenosis. We approached this problem by microarray analysis on an angiographically defined patient cohort to identify a set of discriminatory genes. We then replicated these results using real-time polymerase chain reaction (RT-PCR) on 2 addi-tional sets, comprising more than 200 independent patient samples. Finally, we tested whether expression of these genes was quantitatively related to the extent of CAD.
Methods

Patient Selection
Siegburg Cohort
Patients undergoing coronary artery catheterization (Nϭ1090) at the Heart Center, Siegburg, Germany, were enrolled between May and December 2001. The protocol was approved by an institutional review board, and all patients provided written consent. For microarray analysis, we selected 27 cases with CAD defined as Ն70% stenosis in Ն1 major epicardial coronary artery or Ն50% stenosis in Ն2 arteries and 14 controls (0% stenosis) by invasive angiography. All patients presented either for angina (stable or unstable) or suspected CAD, and Ͼ50% had preceding positive stress tests. We excluded patients with a history of systemic inflammatory disease.
For RT-PCR replication, the second set of 63 cases and 32 controls was selected using the same case and control definitions. In this group, we excluded patients with a history of inflammatory disease, heart failure, elevated cardiac enzymes (creatine kinase-MB or troponin), elevated white blood cell count (Ͼ11ϫ10 3 /L), or those taking anti-inflammatory medications. Patients with stable angina with any history of myocardial infarction, revascularization, or prior known CAD were also excluded.
Duke CATHGEN Cohort RT-PCR Set
For the subsequent patient sets, we identified 215 patients among 1311 patients enrolled in the Duke University CATHGEN repository, Durham, NC, between August 2004 and November 2005. For RT-PCR replication, we used a case:control subset of 86 cases and 21 controls who met the Siegburg RT-PCR cohort criteria, except that cases were defined as Ն75% maximum stenosis in 1 vessel or Ն50% in 2 vessels. For the entire group of 215 patients, CAD severity was prospectively divided into 5 angiographically defined categories: none, undetectable (nϭ39); minimal, stenosis Ͻ25% in a major vessel or Ͻ50% in a small vessel (nϭ18); intermediate, stenosis Ն25% and Ͻ75% in a major vessel (nϭ62); significant, 1 major vessel stenosis Ն75% or left main stenosis Ն50% (nϭ70); and multi-vessel, Ն3 major vessel stenosis Ն75%, with left main stenosis Ն75% counting as 2 vessels (nϭ26).
All patients enrolled in CATHGEN gave written informed consent for future use of their biological samples, and the current study protocol specifying use of these samples was approved by the Duke University institutional review board.
Blood Collection and RNA Isolation
For the Siegburg cohort, whole blood (16 mL) was collected before angiography and mononuclear cells isolated via density gradient centrifugation through Ficoll-Paque (Vacutainer CPT, Becton-Dickinson, Franklin Lakes, NJ). Peripheral-blood mononuclear cell (PBMC) preps were processed using RLT buffer (Qiagen, Valencia, CA) before freezing at Ϫ80°C. RNA was purified using a modification of the RNeasy method (Qiagen). For the Duke cohort, whole blood (2.5 mL) was collected in PAXgene tubes and RNA purified as described (PreAnalytix, Franklin Lakes, NJ).
Microarray Analysis and Gene Selection
Array Processing and Analysis
A 2-color microarray platform was used for gene expression analysis. In brief, 100 ng of sample RNA was labeled with Cy5 (Agilent Technologies, Santa Clara, CA, no. 5184 -3523). In parallel, reference PBMC RNA (Clontech, Mountain View, CA; no. 636580) was Cy3 labeled. Both samples were hybridized to 41K Human Whole Genome Arrays (Agilent; no. G4112A) using the Agilent protocol (version 4.0.1) with the following exception: labeled reference samples were pooled in 1.06ϫ Hybridization Buffer and 2ϫ Blocking Buffer, heated (65°C) for 5 minutes, and centrifuged at 13 000 rpm for 10 minutes. Data were extracted on an Agilent Scanner using their Feature Extraction Software (version 8.5.1.1). For the microarrays, 57% of features were present on average. Data were imported into GeneSpringGx (version 7.3.1), normalized as described (Agilent FE), and subjected to filtering. Retained features had a present or marginal call in at least 1 sample. In addition, Y-linked genes or those involved in X chromosome inactivation were removed.
Samples then were grouped by clinical phenotypes and expression ratios were determined. Genes with a 1.3-fold difference between groups underwent nonparametric analysis (Mann-Whitney). Genes with a PϽ0.05 were candidates for RT-PCR. For Gene Set Enrichment Analysis, 10 version 2.0 was used for microarray analysis, using default settings. The curated set (c2) and the Gene Set Enrichment Analysis software are available from the Broad Institute (http://www.broad.mit.edu/gsea).
Literature Gene Selection
Literature genes were added to complement the relatively limited array patient set (Nϭ41) and to include genes that either (1) have a smaller-fold change only detectable by RT-PCR or (2) did not make the top 50 array genes and yet still could be significant. From published whole genome microarray studies, we identified 261 genes expressed in peripheral blood involved in atherosclerosis or related inflammatory disorders. The number of gene citations was used for ranking, yielding 56 for RT-PCR analysis, with Ն2 independent citations.
RT-PCR Analysis
Sample Processing
Purified RNA was subjected to quantitative (Ribogreen; Molecular Probes, Eugene, OR) and qualitative (Agilent Bioanalyzer) analysis. Genomic DNA contamination was assessed by RT-PCR on RPL28 in the absence of reverse transcriptase. Samples showing genomic contamination underwent DNaseI treatment (Ambion, Austin, TX; no. AM1906) and retesting. RNA was converted to cDNA using Applied Biosystems High Capacity cDNA Archive Kit (ABI, Foster City, CA; no. 4322171). cDNA was stored at Ϫ20°C until use.
Assay Development
RT-PCR assays used minor-groove binding moiety (MGB)containing TaqMan probes. 11 Target sequences were masked for single-nucleotide polymorphisms via BLAST against dbSNP before design with PrimerExpress (version 3.0) or FileBuilder (version 3.0; ABI). Amplicons optimally spanned the transcript 3Ј splice-site; otherwise, they were designed as close to the 3Ј end as possible. Primer pairs were aligned to genomic DNA to ensure they mapped to single loci. Amplification efficiency was evaluated using a PBMC cDNA standard curve, and amplicon identity (size) and specificity by gel electrophoresis (4% agarose, Invitrogen, Carlsbad, CA).
Assays (10-L final volume in 384-well plates; Eppendorf, no. 951020702)) contained 8 L of assay mix (250 nM probe, 900 nM each primer) plus Master Mix (ABI; no. 4324020) and 2 ng of cDNA in 2 L. For each sample, target genes were assayed once per plate, and 2 normalization genes with the lowest SDs across all samples and no discrimination between cases and controls were assayed in triplicate. Plates containing assay mix were stored at Ϫ20°C. Complete assay plates were sealed, centrifuged (2 minutes at 2000 rpm), and subjected to PCR (ABI 7900HT), using ABI-suggested cycling parameters (50°C for 2 minutes, 95°C for 10 minutes, then 40 cycles of 95°C for 15 seconds/60°C for 1 minute). Data were exported using a 0.2 threshold, with 3 to 15 cycles as baseline.
PCR Statistical Analysis Methods
Data quality was assessed by the average pairwise correlation metric across all samples. Samples with Ͻ92% average correlation were excluded from analysis. Cycle threshold (Ct) values were normalized by the geometric means of RPL28 and PRO1853 for the Siegburg cohort and RPL28 and 18s for the CATHGEN cohort. Normalized Ct values were analyzed using robust linear regression to assess association between disease status and gene expression. 12 To esti-mate the fraction of false positives, false discovery rates were calculated for each patient set as described. 13 The regression analysis fits a model of the form: yϭa ϩ b*x, where x is a 0/1 indicator of disease status, y is a gene Ct value, a is the intercept, and b is the slope (because Ct values are on the log scale, b corresponds to the log fold change). Probability values from this analysis were derived from the estimate of b divided by the standard error of b as in a standard regression model. This regression framework was also used to adjust for clinical covariates (sex, age, cholesterol, aspirin, statins, and diuretics). The adjusted model had the form: yϭaϩb*xϩb 2 *z, where z are 1 or more clinical covariates and b 2 are their coefficients in the regression model (b is then an adjusted log fold change).
A gene expression score was defined as the sum of the 14 normalized Ct values for the genes that survived multivariable analysis in the Siegburg RT-PCR set. Scores were calculated for all patients in the Duke PCR set of 215 patients. To test for significance of average score differences between categories, 2-sided t tests and an ANOVA with linear trend model were used. All analyses were performed using the R statistical package. 14 The authors had full access to the data and take responsibility for its integrity. All authors have read and agree to the manuscript as written.
Results
To identify genes expressed in peripheral blood that may be sensitive to the presence of current CAD, we used a multistep approach, starting with gene discovery from microarrays and the literature followed by RT-PCR replication in two cohorts. Figure 1 provides an overview of the overall study design and results.
Siegburg Cohort Gene Discovery
For gene discovery on microarrays, CAD (nϭ27) and control (nϭ14) patients were selected from the Siegburg cohort based on the results of cardiac catheterization and clinical presentation of either stable or unstable angina. Demograph-ics of these 41 patients are shown in Table 1 . Patients with CAD more often had diabetes, hypertension, and elevated cholesterol and were more often treated with lipid-lowering agents; aortic stenosis was more frequent among controls (nϭ14). From this case:control microarray comparison, a total of 526 genes showed significant differences (PϽ0.05 and fold change Ͼ1.3), with a large proportion of these genes (nϭ431) upregulated in CAD. This gene list is shown in Table  S1 and the original microarray data are available at GEO (Accession No. GSE10195). In addition to the primary analysis, Gene Set Enrichment Analysis was performed to identify gene expression changes in predefined functionally distinct gene sets. 10 At an false discovery rate of Ͻ5%, 343 curated gene sets were significant, with many of the most significant genes overlapping the primary analysis gene set (data not shown).
RT-PCR Replication in Siegburg Cohort
A total of 106 genes were selected for replication by RT-PCR, including the top 50 from the microarrays and 56 from the literature of genes implicated in atherosclerotic and inflammatory diseases ( Figure 1 , Table S2 ). The baseline characteristics of the 95 distinct Siegburg cohort patients used in this first replication step are shown in Table 1 . Patients with CAD were more likely to be men and older than controls and had higher cholesterol. In addition, they were significantly more likely to be treated with aspirin, lipid-lowering agents, and diuretics. Patients with stable angina with previously identified CAD, myocardial infarction, or revascularization were excluded. RT-PCR analysis of the 106 selected genes on PBMC RNAs from this patient set resulted in 35 genes with PϽ0.05, as shown in Table 2 . Permutation analysis estimated the false discovery rate as being 7% to 15%. 13 Nineteen of these genes were derived from microarray analysis and 16 from the literature. Fourteen genes retained significance in a multivariable model that adjusted for sex, age, cholesterol, aspirin, statins, and diuretics (Table 1) .
RT-PCR Replication in Duke CATHGEN Cohort
The baseline characteristics of the 215 patients from the Duke CATHGEN study cohort are shown in Table S3 . We conducted a second RT-PCR experiment of the 106 genes on this entire patient set. The entire gene set was evaluated, as the Duke samples are whole blood rather than PBMCs, containing additional cell types, especially granulocytes, which may be biologically important in CAD. We first analyzed a patient subset comprising 86 cases and 21 controls, which met the same inclusion criteria as the Siegburg PCR set, to test all the genes identified from that cohort. A graphical representation of the significance of genes in both RT-PCR case:control replication sets is shown in Figure 2 . Twenty-seven of the 35 genes with PϽ0.05 in univariate analysis from the Siegburg RT-PCR set were confirmed in the Duke set, including 11 of the 14 that survived multivariable analysis. All the genes in the Duke RT-PCR replication set with PϽ0.05 are listed in Table S4 (estimated false discovery rateϭ5% to 11%).
After stratification of the entire 215 patients from the Duke cohort into 5 maximum stenosis groups (none, minimal, intermediate, significant, and multi-vessel disease), we as sessed the relationship of disease severity with a gene Figure 1 . Schematic of patient cohorts and technologies used to identify and replicate genes expressed in peripheral blood that are correlated with coronary artery disease (CAD). The initial microarray gene discovery (nϭ41) and real-time polymerase chain reaction (RT-PCR) replication (nϭ95) patient sets were from the Siegburg cohort and were limited to peripheral-blood mononuclear cell RNA. The Duke CATHGEN cohort was whole-blood samples, and the entire set of 215 patients included a case:control subset (nϭ107). In all cohorts, controls were defined by coronary angiography as 0% stenosis and cases as Ն70% stenosis in 1 vessel or Ն50% stenosis in 2 vessels for Siegburg and Ն75% in 1 vessel for Duke. MI indicates myocardial infarction. expression score constructed from the Ct values of the 14 genes that survived the multivariable case:control analysis in the Siegburg cohort. These results (Figure 3) suggest that peripheral-blood gene expression measurements are sensitive to the extent of maximum coronary stenosis, either by paired t tests between groups or ANOVA (PϽ0.001).
Discussion
This study examined whether patients with and without angiographically defined significant CAD could be distinguished by gene expression analysis of peripheral-blood cells. Gene discovery and replication by RT-PCR were used to identify 14 genes that were independently significant in multivariable analysis that included clinical and demographic factors. Eleven of the 14 genes were confirmed in an independent replication cohort from a second institution. Furthermore, a gene expression score created by summing the expression levels of the 14 genes was proportional to the degree of maximum stenosis. Previous studies have examined the relationships between existing CAD and the expression levels of specific genes or proteins in peripheral blood theoretically involved in CAD development. [15] [16] [17] A predominant role for monocytic and T cells in atherosclerotic plaque formation has been described, although other cell types, including mast cells, have been implicated. 18 Also, studies on gene expression in diseased artery samples from both mice and humans have been performed. [5] [6] [7] The current study confirmed genes described by other investigators and identified new genes not previously described as involved in atherosclerosis.
Biological Plausibility of Identified Genes
For the 14 genes that survived the combined microarray and RT-PCR based analyses of the Siegburg cohort, 11 were confirmed in the Duke RT-PCR set. These 11 genes were all upregulated in patients with significant CAD. This may reflect their largely monocytic origin, as increased monocyte counts have been associated with CAD. 19 Analysis of biological pathways for these genes shows that pro-and antioxidant molecules, extracellular matrix, cell motility proteins, and signaling receptors and transcription factors were represented. The role of oxidized low-density lipoprotein in CAD pathogenesis has been well documented; we observe upregulation of 5-lipoxygenase, a generator of leukotrienes, which may play a key role in atherosclerosis development. 20, 21 Conversely, the upregulation of glutathione-S-transferase, a member of the antioxidant detoxification pathways, may represent response to oxidative insult.
Versican, a chondroitin sulfate proteoglycan, has been previously implicated in atherosclerosis. 22 Extracellular matrix regulation is correlated with plaque erosion and rupture and with myocardial infarction. 23, 24 The gelsolin-like capping protein, CAPG, is involved in cell motility; in vivo, it has a role in host pathogen defense and thus in innate immunity. 25 CAPG overexpression in atherosclerotic aortic samples has been reported. 6 A number of signaling receptors were also upregulated in patients with significant CAD. VSIG4, a member of the B7 receptor family, is expressed on macrophages in carotid atherosclerosis 26 and negatively regulates T cell activation. 27 The receptors for granulocyte colony-stimulating factor and granulocyte-macrophage colony-stimulating factor (CSF3R and CSF2RA, respectively) both were upregulated in this study; a role for these colony-stimulating factor pathways in atherosclerosis has been suggested by mouse studies, although the data are somewhat contradictory. 28, 29 Interestingly, granulocyte-macrophage colony-stimulating factor null mice show decreased interleukin-1 receptor antagonist expression, another gene upregulated in this study. 28 Expression levels of this gene affect development of atherosclerosis in mouse models, 30 and its protein product is found in human atherosclerotic arteries. 31 Hexokinase 3 is upregulated in atherosclerotic disease in human aortic samples. 6 CREB5 and NS5ATP13T are members of transcription factor families for which further work is needed to understand their relationship to atherosclerosis.
Limitations
This study has several limitations. First, this was a diagnostic study with maximum stenosis determined by invasive coronary angiography as an end point and does not examine the ability of gene expression to predict future clinical events. Second, we used a series of small, independent retrospective case:control studies and multivariable analysis to evaluate the relative roles of gene expression measurements and clinical and demographic factors. One particularly significant imbalance in our cohorts is due to sex, a known risk factor for CAD. A larger, truly prospective study might be less influenced by unidentified confounders and would possibly identify genes important in specific demographic subsets, such as women. Third, it is not possible to assign causation to the gene expression changes we observed; rather we have demonstrated relationships that could be causal or responsive to the existence of CAD, but also could have no mechanistic relationship with CAD or its extent.
Experimentally, the small size of the microarray cohort and use of PBMC RNAs in the initial discovery experiment likely limited the number of significant genes identified. 32 We attempted to mitigate this by adding literature genes associated with CAD, but a larger discovery study using wholeblood RNA might find additional significant genes. Despite these challenges, the majority of the univariable (27 of 35) and multivariable (11 of 14) significant genes from the Siegburg study were replicated in the Duke whole-blood set. This is perhaps not surprising, as mononuclear cells are a subset of whole blood, and leukocyte and monocytes are often cited as key cell types in atherosclerosis development. 15 Although we used the highly reproducible method of RT-PCR for our replication studies, the fold changes observed are quite modest, although similar to those seen in other studies of peripheral-blood gene expression. 33 Our small sample sizes and the large number of genes investigated also renders our study vulnerable to false discovery. Despite our attempts to account for this by using multiple independent cohorts, our results should be considered hypothesis generating while awaiting validation in larger cohorts.
Additionally, we only examined gene expression in peripheral blood, rather than in atherosclerotic plaque. It is known that a complex interplay between circulating cells and the endothelium leads to development of atherosclerosis, so circulating peripheral-blood cells may directly reflect only one aspect of a complex pathophysiology. Other methods including proteomic or metabolomic approaches may reflect additional components of the disease process, such as endothelium and liver, and should be viewed as potentially complementary to our approach. Finally, because we were measuring overall gene expression levels in peripheral blood, it is likely that specific cell population shifts and gene expression changes within specific lineages may have contributed to the observed results.
Conclusion
We have used gene expression analysis to identify and confirm genes that distinguish patients with and without angiographically defined CAD. We also observed that gene expression scores based on the 14 genes independently associated with the presence or absence of CAD were proportional to the extent of disease burden, as defined by maximum stenosis. It is possible that these measurements solely reflect the presence of a disease process. Alternatively, gene expression might reflect the extent of overall atheromatous burden and the rate of disease progression. Our current results are more consistent with this latter hypothesis, although further work is required with serial sampling of patients to determine a correlation with disease progression. Overall, this study suggests that it may be possible to identify and monitor the severity and progression of CAD from gene expression analysis of peripheral-blood samples.
